abstract vopravil J., Podrázský v., Khel t., holubík o., vacek s.: Effect of afforestation of agricultural soils and tree species composition on soil physical characteristics changes. Ekológia (Bratislava), vol. 33, no. 1, p. 67-80, 2014. This paper deals with the evaluation of the effect of afforestation of previously arable land to soil characteristics changes. one of the main aims was to evaluate the effects of each forest species on the soil structure quality after afforestation. soil samples were taken at two climatically distinct subregions within the czech republic. Based on the different site conditions, two study sites were chosen at each locality for a total of four research sites. detailed soil survey and basic forest stand inventories were conducted at all four sites. The first locality was established in the rychnov nad Kněžnou district in the Protected landscape area of the orlické mountains (soil type a haplic cambisol). The second locality was established in the Prague-East district (soil type a haplic cambisol and a haplic stagnosol). afforestation had a positive influence on the soil physical characteristics which are important for the maintenance of soil stability. Forest cover has a major influence on increasing the soil porosity, by decreasing the reduced bulk density and increasing capillary and gravitational pores, which is crucial. afforestation was also found to be positively related to increases in soil organic matter content in different forms, both stable and unstable, and tendency of considerable soil organic matter accumulation not only in the layer of surface humus but also in the entire soil profiles of the research sites. The main contributor to soil improvement after afforestation is the formation of stable soil aggregates. This is typical also for spruce and pine cover.
Introduction
Forests occupy one-third of the world's land area and govern carbon transfer fluxes through photosynthesis and respiration, representing also an important carbon pool in particular ecosystem compartments (Brown, lugo, 1990; marková et al., 2011; merganičová, merganič, vol. 33, no. 1, p. 67-80, 2014 doi:10.2478 /eko-2014 2010; sefidi, mohadjer, 2010). maintenance or enhancement of soil organic matter (som) in forest ecosystems is crucial for sustainable use of forest resources because of the multiple effects of som on nutrient dynamics (Binkley, 1995) , carbon cycle (nambiar, 1996) and soil structure. Extensive roots of forest plants influence the microbial biomass in the soil by controlling carbon cycling between the atmosphere and the soil (Brown et al., 2002) . land use change has an important influence on soil properties and stabilization (tisdall, oades, 1982) . with changes in land use, soil micro-aggregates may form macro-aggregates through the action of temporary and transient binding agents (Elliott, 1986) . soil structure, an important indicator of soil physical quality (Filho et al., 2002) , is determined by the stability of soil aggregates. It directly or indirectly influences other physical and chemical properties of the soil and can be used as an indicator of soil degradation (cerda, 2000) . Forest soil dynamics improves soil aggregation while transferring organic carbon into deeper soil horizons (e.g., . Kaiser et al. (2002) determined that forest subsoil has about 45% of total soil organic carbon (soc) of the soil profile, and this fraction is bound to the clay particles forming <20 µm microaggregates. afforestation results in significant sequestration of new carbon and stabilization of old carbon in physically protected som fractions, associated with microaggregates (53-250 μm) and silt and clay (< 53 μm) (del galdo et al., 2003) . The same authors showed that afforestation increases the soc by 23% in the surface soil. The soc sequestration depends on forest species and management (del galdo et al., 2003; lal, 2002; lamlom, savidge, 2003; Blanco-canqui, lal, 2004) . It is known that dominant tree species affect the availability and biochemical composition of organic matter inputs to soil (leckie et al., 2004) and different root systems also affect aggregation differently, in relation to different root properties, exudates and functions (chan, heenan, 1998) .
There is a trade-off between ecosystem carbon storage capacity and timber production. By selecting the appropriate tree species, it is possible to increase a soil's potential for carbon storage. seely et al. (2002) estimated the long-term differences in soc storage among forest ecosystems dominated by three tree species: white spruce (Picea glauca), trembling aspen (Populius tremuloides) and lodgepole pine (Pinus contorta var. latifolia), and found that all three were important carbon pools. They found total carbon storage to be the highest in aspen ecosystems, followed by pine and spruce. vesterdal et al. (2002) found that soils growing norway spruce (Picea abies l.) sequester 9 t carbon ha -1 whereas those growing oak (Quercus robur l.) sequester only 2 t carbon ha -1 after 29 years and the soc is mostly concentrated in the upper soil horizons.
aggregate stability in the rhizosphere of Pinus halepensis is strongly correlated with the c-biomass and soluble c-fractions as well as with dehydrogenase and phosphatase activities. The combination of residue amendment and inoculation of P. halepensis with Pisolithus arhizus significantly improves soil aggregate stability; this beneficial effect appearing to be mainly due to a reactivation of microbiological activity (caravaca et al., 2001) .
The mean weight diameter (mwd), defined as the sum of the weighted mean diameters of all size classes, characterize the structure of the soil (six et al., 2000) . In a study in northern spain (gartzia-Bengoetxea et al., 2009) , these characteristics were found to be higher in semi-natural (beech and oak) stands than in cultivated mature pine. This result may be attributed to differences in annual organic matter inputs (Kavvadias et al., 2001 ), litter quality (sariyildiz et al., 2005) and the enmeshing effect of roots and associated mycorrhizal hyphae, which may contribute to stabilization of topsoil aggregates.
It appears that macroaggregates (0.25-2 mm) may play an important role in aggregate dynamics in mature forests, independently of tree species (gartzia-Bengoetxea et al., 2009) .
The aim of this study is to determine the impact on soil properties and soil structure formation of afforestation by different forest species in the lower as well as higher-submountain elevations on marginal agricultural lands.
Material and methods

Site descriptions
soil samples were taken at two climatically distinct subregions within the czech republic. Based on the different site conditions, two study sites were chosen at each locality for a total of four research sites. detailed soil survey and basic forest stand inventories were conducted at all four sites.
The first locality (1) was established in the rychnov nad Kněžnou district in the Protected landscape area of the orlické mountains at an average altitude of 710 m. two research sites were chosen there: lomy -deštné (1a) and Pěčín -neratov (1b). 1a) Lomy -Deštné site [16°18ʹ39-57˝E; 50°17ʹ8-13˝n] has a mildly warm and moist climate, with a mean annual precipitation of 707 mm and mean annual temperature of 7.3° c. geologically, the site is classified as orlickosněžnický crystalline complex with representation of metamorphic rocks of Paleozoic age (amphibolites, phyllites and schists). The soil type was a haplic cambisol (Fao, 2006 (Fao, , 2007 Salix alba) . soil samples were taken from a total of 13 sites, representing 7 forest covers. c) afforestation -selected stands with very short period of afforestation since being used as agricultural land (first zone: 5−10 years, second zone: 20−40 years). The overstory age was 7 years. The main species were European Beech (Fagus sylvatica) and norway spruce (Picea abies). soil samples were taken from a total of two sites representing two forest covers. d) Pasture -a reference site, selected close to the first afforested zone. soil samples were taken from one site.
(1b) Pěčín -Neratov site [16°25ʹ53-56˝E; 50°09ʹ29-37˝n] has mildly warm and very moist climate. The mean annual temperature is 7 °c and mean annual precipitation is 848 mm. geological bedrock is metamorphic in origin and consists of paragneiss and phyllites. soil samples were taken and the soil type was identified as a haplic cambisol (Fao 2006 (Fao , 2007 . specification of Pěčín -neratov site vegetation: a) old Forest -selected stands afforested for very long time, with the age of forest cover being 93-141 years. The typological composition was defined by the principal overstory species: norway spruce (Picea abies). other species included European Beech (Fagus sylvatica) and European silver fir (Abies alba). soil samples were taken from a total of five sites, representing three forest covers. b) Forest -selected stands with longer period of afforestation, with the age of forest cover being 41-57 years.
The principal overstory species were norway spruce (Picea abies) and European Beech (Fagus sylvatica). other overstory species included European larch (Larix decidua), European alder (Alnus glutinosa), silver Birch (Betula pendula), sycamore (Acer pseudoplatanus) and European ash (Fraxinus excelsior). soil samples were taken from total nine sites with a representation of seven forest covers c)
afforestation -selected stands with very short period of afforestation, with the age of forest cover being 10-15 years. The principal overstory species were European Beech (Fagus sylvatica) and norway spruce (Picea abies). other species included European larch (Larix decidua) and European silver fir (Abies alba). soil samples were taken from total three sites, representing four forest covers. d) Pasture -a reference site dominated by herbaceous species such as Achillea millefolium, Myosotis sylvatica and Plantago lanceolata, along with various grass (Poa) species. soil samples were taken from one site. e) cultivated -a reference site representing agricultural use, dominated by maize (Zea mays). soil samples were taken from two sites.
The second locality (2) was established in the Prague-East district at an average elevation of 390 m. It is situated in the Černokostelecká hills region. two research sites were established: dobré pole (2a) and Krymlov (2b).
(2a) Dobré pole site [14°56ʹ9-19˝E; 50°00ʹ50-53˝n] has a mildly warm and slightly dry climate. The mean annual temperature is 8.4 °c and mean annual precipitation is 591 mm. This area consists of permian-carboniferous rocks and permiancarboniferous sandstone with shale inserts. The soil type was identified as a haplic cambisol (Fao, 2006 (Fao, , 2007 . specification of dobré Pole site vegetation: a) afforestation -the experimental site was established in a stand of 44 year-old Quercus petraea. The forest site was classified as beech acid oak wood. soil samples were taken from three sites representing one forest cover type. b) cultivate -this was a reference site representing agricultural use dominated by maize (Zea mays). soil samples were taken from three sites.
The climatic and geological characteristics are the same as at dobré pole. The experimental plots were established by planting in 1967. soil samples indicated that the soil type was a haplic stagnosol (classified according to Fao, 2006 Fao, , 2007 .
specification of Krymlov site vegetation: a) Forest -the study was conducted in the stands of four tree species on the afforested agricultural lands, in the neighbouring forest stands on continuously forested land (mixed scots pine -norway spruce stand) and in the nearby field -arable land. The studied species were scots pine (Pinus silvestris), norway spruce (Picea abies), European white birch (Betula verrucosa) and douglas-fir (Pseudotsuga menziesii). soil samples were taken from four sites, each of which represents a forest type. b) cultivate -a reference site representing agricultural use, dominated by oilseed rape (Brassica napus subsp.). soil samples were taken from one site. c) Pasture -a reference site situated close to the afforested zone.
Soil sampling and analyses
soil sampling was conducted during years 2008−2010. soil samples were taken from all four locations (1a, 1b, 2a, 2b) from the upper soil mineral horizons at a depth of 10−20 cm (ap -arable, ad -pasture, ah -forest horizon) to enable the comparison of soil characteristics under different land management regimes. In total, 85 disturbed soil samples were taken for the determination of soil chemical characteristics, 183 undisturbed soil samples (using Kopecký's rings -volume 100 cm 3 , diameter 5 cm, height 5 cm) for measuring soil physical characteristics, 38 samples with undisturbed soil structure for measuring water stable aggregates (wsa) and mwd, and 38 undisturbed soil samples for measuring K sat (saturated hydraulic conductivity). altogether, 344 soil samples were analysed which in total represented 21 sampling sites, marked as afforest. (12 sites), cultivate (6 sites) and pasture (3 sites).
continuous forest inventory has been conducted on these localities since ca. 1960. For the given localities, data from soil sampling in 2008-2010 were chosen. In total, 36 sites representing soils with old Forest (14 sites) and Forest (22 sites) were chosen. on each of this locality six soil samples were taken. In total, 216 soil samples were selected. all measures were statistically processed in Programme statistics 9 (statsoft Inc., 2010).
Basic analysis was performed on samples of fi ne particles (< 2 mm) (Iso 11464). determination of toc (total organically bounded carbon) as c ox (total oxidized carbon) (Iso/FdIs 14235), soil organic matter (nelson, sommers, 1982) , tn (total nitrogen) was conducted according to Čsn Iso 11261, while analysis of potentiometric ph (Kcl) was conducted according to Iso 10390. cEc (cation exchange capacity) and exchangeable cations were measured by aas-varian240 (Iso 13536). Th e fractionation of hl (ratio hK: FK) and the value Q 4/6 (in pyrophosphate) was done by the method described in richter, hlušek (1999) . Particle size distribution was determined according to the Iso 11277 and onorm l 1061, basic physical analyses from Kopecký´s rings were done according to Iso 11508, total porosity was expressed from the values of reduced bulk density (ohr) (Blake, hartge, 1986) and particle density (danielson, sutherland, 1986) . saturated hydraulic conductivity (K sat ) was determined according to the Čsn 721020.
Th e samples for determination of aggregate stability (sample's weight 3 kg) were put into plastic boxes. samples were dried on the air and distributed on nested sieves (retch -Iso 3310-1) to particles of 1−2 mm (wsa) and 3−5 mm (mwd) sizes. Th e method of determination of wsa (water stable aggregates) is described by Kemper and rosenau (1986) . Th e index is calculated according to wsa i = m s i /(ms i + mn i )
where the resulting wsa is statistical average from each partial measurement in this equation, wsa i. ms i is the weight of water stable phase for given measure and mn i is the weight of water unstable phase for given measure. Th e method of determining soil mean weight diameter (mwd) came from le Bissonais (1996) . Th e test distinguishes three mechanisms of soil aggregates breakdown aft er their given stress factor. For each sample, three replications of this test were made and the results were averaged. Th e value mwd is counted according to the following formula:
where X i is an average aggregate size collected on the sieve (mm) and w i is a procentual content of a given particle. Th e resulting value for mwd is an average of values mwd j (j =1,2,3) determined for each disruption tests (j=1: fast wetting; j=2: slow wetting; j=3: mechanical disaggregation).
Results and discussion
Th e principal aim of the soil survey was to evaluate the eff ect of aff orestation of previously arable land (aft er 7-10 years) to soil characteristic changes. Th e infl uence of forest vegetation was positively related to the formation of soil organic matter and it improved soil structure stability, a relationship which was statistically signifi cant (Fig. 1) . Th ese conclusions corresponded with the study of caravaca et al. (2001) . 
Locality 1 (Lomy -Deštné and Pěčín -Neratov sites)
at research site 1a, we investigated the effect of the presence of important tree species European Beech (Fagus sylvatica) and norway spruce (Picea abies) on soil organic matter quality in comparison with pasture. the total humus content (in horizon ah) didn't decrease after such a short time (7-10 years) after afforestation, but the effect on the quality of soil organic matter is apparent. the evaluation was done on the basis of the ratio hK: FK. the optimal value for this ratio is 1.5 (richter, hlušek, 1999); for Fagus sylvatica the value was 1.1 and for the pasture (horizon ad) the value was 0.2 (selected characteristics for model area 1a are shown in table 1).
t a b l e 1. selected soil characteristics for site 1a (lomy -deštné). the hypotheses that bulk density (Bd) will decrease and porosity (P) will increase at locations 1a and 1b (table 2) after afforestation was not supported by our results, and contradicts the conclusions from other studies (reiners et al., 1994; celik, 2005) . on the contrary, it confirms the study of szujecki (1996) , which stated that previously arable horizon characteristics can persist for a long time after afforestation and that analysis of soil characteristics relatively soon after afforestation will not undergo significant changes. using detailed hydrophysical soil characteristics evaluation for locality 1b, we found a relationship between the presence of forest types and the formation of gravitational (gP) and semicapillary (sP) pores, or rather the conclusive increase of minimal air capacity and K sat value. this positive effect was determined by examining hydraulic conductivity K sat measures (table 3) . a similar trend was reported by Jabro (1992 Fao (2006 Fao ( , 2007 ) Fao = Food and agricultural organization, P = porosity, gP = gravitational pores, sP = semicapillary pores, cP = capillary pores, wsa = water stable aggregates, Ksat = saturated hydraulic conductivity. upper horizons: ap -cultivate, ad -Pasture, ah -afforest. standard deviation is in parentheses.
the wsa values are average values from all three measurements. Each forest stand has significant influence on soil organic carbon sequestration. the increase of total organic carbon due to afforestation of agricultural soils is evident from table 4. total organic carbon in forested lands 40-57 years after afforestation was three to four times higher than for agricultural soils or pastures. similar trends were observed on other research sites within the czech republic (Podrázský, Procházka, 2009; Podrázský, remeš, 2008; Kupka, Podrázský, 2011) , where after only a very short period of time (a few decades), the carbon content in mineral soil horizons in afforested lands was a multiple of the value determined for agricultural soils. notes: soils according to Fao (2006 Fao ( , 2007 ) Fao = Food and agricultural organization, cEc = cation exchange capacity, som = soil organic matter, (n) = not significant. upper horizons: ad -Pasture, ah -afforest. standard deviation is in parentheses.
Locality 2 (Dobré Pole and Krymlov sites)
at locality 2, the principal aim was to evaluate the effects of each forest species on the soil structure quality 30 to 40 years after afforestation. on the site 2a (dobré Pole), we examined the influence of afforestation by specific vegetation types: Quercus petraea l. (1−3) and intensively used agricultural land K(1−3) (Zea mays) on moderately inclined terrain (average slope 3°). we found a positive effect of forest cover on K sat value, suggesting that soils under forest cover have a significantly greater ability to move precipitation down into the soil profile (table 5) . at the same time, soil structure was stabilized (wsa). The wsa values are a combination of average values derived from three measures. The standard deviation (sd) is expressed in % in brackets (the accuracy of measure) we found no significant influence of afforestation on som (table 6 ). The most significant criterion for increased particle aggregation under forest cover was the quality of hl (richter, hlušek, 1999) . soil organic matter is improved by better soil profile aeration (table 7) . The quality of organic components of forest soils together with the lower ph level (due to the release of mineral matter) is the cause of stable soil aggregates (chen et al., 2000) .
we concluded that the differences in macronutrient contents can be ascribed to the management impact (reduction of meadows and the fertilization of agricultural lands). The same treatments are probably responsible differences for in soil ph (table 6).
The impact of each forest cover (39 years after afforestation) to changes in physical characteristics was also compared on the site 2b. only in this region, which was represented by soil type haplic stagnosol, we found a significant impact of each forest cover to the decrease of bulk density and to the reciprocal increase of total porosity. The important soil properties are shown in table 8.
we found a strong relationship between the effect of afforestation and the improvement of physical soil characteristics. In total, higher levels of minimum air capacity refer to higher air capacity of these sites. Fao (2006 Fao ( , 2007 Fao = Food and agricultural organization, cw = capillary water capacity, min. ac = minimal air capacity, wsa = water stable aggregates, mwd = mean weight diameter, (n) = not significant. upper horizons: ap -cultivate, ad -Pasture, ah -afforest. standard deviation (sd) is in parantheses.
The most appropriate land uses for these soils (in terms of improving and/or maintaining physical characteristics such as porosity and bulk density) for locality 2 are, in order of suitability: norway spruce (Picea abies) > scots pine (Pinus sylvestris) > silver Birch (Betula pendula) > douglas-fi r (Pseudotsuga menziesii) > Pasture > arable (cultivated) land (Brassica napus). Figures 2 and 3 show the determination of mwd value. Th e eff ect of each forest species on the soil structure stability (wsa) was: spruce > Pine = Pasture > Birch > douglasfi r >> arable land. 
Conclusion
afforestation of agricultural soil can result in important changes in soil organic matter dynamics compared to agroecosystems. First of all, it starts with the creation and development of humus form, the most easily manipulated part of the soil system (green et al., 1993) .
The development trends and soil status in each phase are locality-dependent, where the combination of macro-and microclimatic, geological and biological factors including production of vegetation litter is involved (Binkley, 1995) . Based on our observations, relatively quick restoration of overlying humus dynamics was observed after afforestation by spruce, beech or else woody plant. relatively quick restoration of the surface humus was also observed by Podrázský and remeš (2008) in the orlické mountains. In that study, spruce and beech had been established on former agricultural sites for a period of time representing half their normal rotation age. over the same period of time, the forest soil accumulated humus representing approximately 50% of the total amount resident under a permanent forest.
The presence of broad-leaved forest cover had a positive relationship with certain soil chemical characteristics, mainly the calcium content. The restoration of typical forest som dynamics is likely expected to be during the first rotation period. Quick initialization of this process was also found by Kacálek et al. (2007 Kacálek et al. ( , 2009 .
other studies conducted in the area of the Forest Establishment at Kostelec nad Černými lesy relatively found a quick revitalization of soil forest dynamics on afforestated agricultural areas (Kupka, Podrázský, 2011; , with favourable effect of broad-leaved trees (birch) and an introduced conifer (douglas-fir). The overlaying humus was regenerated, the values of soil chemical characteristics were closer to the values more frequent for forest soils and nutrient recovery was accelerated. The status of humus forms was changing in qualitative and quantitative ways just as during forest interventions, such as forest regeneration and forest type composition change (e.g. Podrázský, remeš, 2010) . similar trends were also documented from other regions of the czech republic, such as the orlické mountains (Podrázský, 2008; and Bohemian-moravian uplands (Podrázský, Procházka, 2009) .
on the other hand, the influence of overstory composition and land use to soil physical characteristics and soil structure was not extensively evaluated in this study. In another research study, Podrázský and remeš (2005) found quite small differences in the values of pedophysical characteristics between forest covers of spruce, douglas-fir and mixed broad-leaved cover. on the other hand, a clear-cut site displayed a decrease in the capacity of the soil to store water. Forest type was a significant influence. afforestation was a positive influence on the soil physical characteristics which are important for soil stability maintenance. The influence of forest cover to increasing of soil porosity, by decreasing of reduced bulk density and increasing capillary and gravitational pores (increasing of waterholding capacity and soil air capacity) is crucial. The positive effect on infitration and waterholding soil capacity not only resulted from the presence of a forest overstory, but also from the presence of a permanent grass cover in pastureland.
afforestation was also found to be positively related to increases in soil organic matter content in different forms, both stable and unstable, and tendency of considerable som accumulation not only in the layer of overlying humus but also in the entire soil profiles of the research sites. newly established forest covers thus show strong sequestration potential with regard to carbon in its biomass, in humus forms and also in mineral soil horizons.
The main contributor to soil improvement after afforestation is the formation of stable soil aggregates, represented in this study mainly by the values of wsa and mwd. This is typical mainly for spruce and pine cover. The enhancement of a stable soil structure is one of the ways of restoring eroded and otherwise degraded soils. Forest cover based on afforested agricultural soils thus show sharp functional impacts in soil structure formation and regeneration of natural pedogenetical processes in regenerated forest ecosystems.
